The field stress parameters, direction and magnitude of horizontal and vertical stresses, are important factors in the design of hydraulic fracturing treatments in unconventional reservoirs. It is well understood that an induced hydraulic fracture propagates in the direction of maximum horizontal stress, suggesting that horizontal wells must be perpendicular to this direction for efficient well-reservoir hydraulic connection during treatment and production. The horizontal stress anisotropy also affects the optimum well spacing and stage length.
Introduction
The state of stress in a formation is characterized by three principal stress directions and magnitudes. The vertical stress is commonly assumed as one of the principal stresses whose magnitude is equivalent to the weight of overburden rock, calculated from density logs. The direction and magnitudes of horizontal stresses are more challenging to determine. Wellbore breakout pattern or tensile fracture orientation in vertical wells are usually observed to determine the direction of maximum and minimum horizontal stresses (S Hmax and S hmin ). It is also well understood that a hydraulic fracture initiated from a horizontal well propagates horizontally in the S Hmax direction. This direction can usually be identified by microseismic monitoring, so an estimate of S Hmax direction can be obtained.
While there are several techniques to measure the S hmin magnitude, such as a mini-frac test, leakoff test, and diagnostic fracture injection test (DFIT), there is no direct way to measure magnitude. The back-analysis of borehole breakouts using the Kirsch equations for stresses around a circular hole can help to constrain horizontal stresses and to estimate magnitude, if S hmin magnitude is known (Zoback 2010) . The same set of equations can be used to back-calculate magnitude from hydraulic fracturing of un-cased and un-cemented wells (Zoback 2010, Amadei and Stephansson 1997) . However, this method is not applicable in most horizontal wells drilled in unconventional reservoirs, mainly because these wells commonly have casing and are cemented. Sinha et al. (2008) reported the application of borehole sonic data for estimation of horizontal stresses. The stress inversion technique, frequently used by seismologists to estimate field stress state from earthquake focal mechanisms, has also been applied to microseismic focal mechanisms to estimate formation stresses (Neuhaus et al. 2012, Sasaki and Kaieda 2002) . This method, however, may not produce reliable solutions in many cases because of noisy microseismic data and the inherent ambiguity in the fault plane solution (Agharazi 2016) .
A reliable knowledge of full stress state (i.e., three principal stress directions and magnitudes) is necessary for many routine engineering designs and analyses, such as wellbore stability analysis, geomechanical modeling, hydraulic fracturing simulation and treatment design. It is well understood that the horizontal wells must be drilled perpendicular to direction for an efficient well-to-reservoir hydraulic connection during stimulation and production. The difference between and magnitudes (i.e., horizontal stress anisotropy) has a significant effect on the stimulation pattern and must be considered for efficient well spacing and stage length design. Numerical simulations of hydraulic fracturing in naturally fractured reservoirs indicate that higher horizontal stress anisotropies promote more planar stimulation patterns that grow away from the treatment well, whereas, lower horizontal stress anisotropies cause less laterally extended stimulation patters and more complexities close to the well .
By knowing all field stress components, the minimum failure pressure on natural fractures can be estimated if orientation of natural fractures is known. This is a valuable parameter that can be used to optimize the treatment parameters, such as fluid viscosity and pump time, to improve the stimulation by activating natural fractures. In this paper, we present a new methodology for determination of direction and magnitude from microseismic focal mechanisms. For each microseismic event, a moment tensor is determined by using the inversion technique. The eigenvectors of the moment tensor are then calculated to determine the event focal mechanism, including slip plane (fracture) orientation and slip direction. The horizontal stress direction is then determined based on the focal mechanisms that meet a certain criterion.
By assuming that a fracture slips in the direction of maximum shear stress acting on the fracture plane, a linear relationship is formed between and magnitudes for each event. After obtaining the field magnitude, for example by a mini-frac test, the magnitude is calculated for each qualifying fracture. The field magnitude is then determined by interpreting the calculated values for all events. This methodology is used to calculate direction and magnitude for five cases in the Marcellus, Wolfcamp, and Eagle Ford plays. The minimum failure pressure required to stimulate natural fractures is also calculated for one of the Marcellus cases.
Seismic Moment Tensor and Focal Mechanism
The seismic moment tensor is a mathematical description of deformation mechanisms in the immediate vicinity of a seismic source. It characterizes the seismic event magnitude, failure mode (e.g., shear, tensile), and fracture orientation. The seismic moment tensor is a second-order tensor with nine components shown by a 6 6 matrix as follows:
where is the seismic moment and components represent force couples composed of opposing unit forces pointing in the i-direction, separated by an infinitesimal distance in the j-direction. For angular momentum conservation, the condition should be satisfied, so the moment tensor is symmetric with just six independent components. A particularly simple moment tensor is the so-called double couple (DC), which describes the radiation pattern associated with a pure slip on a fracture plane. The DC moment tensor is represented by two equal, non-zero, off-diagonal components.
The focal mechanism of a seismic event can be determined from eigenvectors of the event's moment tensor. The three orthogonal eigenvectors of the moment tensor denote a pressure axis (P), a tensile axis (T), and a null axis (N). The slip (fracture) plane is oriented at 45° from the T-and P-axes and contains the N-axis, as shown in Figure 1 (Cronin 2010). The slip vector on the plane (rake vector) can then be determined using a set of equations relating the slip vector to the fracture normal vector and the moment tensor eigenvectors. More details can be found in Jost and Herrmann (1989) .
The focal mechanism provides three important parameters; fracture strike, dip, and rake angle. The fracture strike is measured clockwise from north, ranging from 0° to 360°, with the fracture plane dipping to the right when looking along the strike direction. The dip is measured from horizontal and varies from 0° to 90°. The slip (or rake) vector represents the slip direction of hanging wall relative to foot wall. The rake angle is the angle between the strike direction and the rake vector. It changes from 0° to 180° when measured counterclockwise from strike, and from 0° to −180° when measured clockwise from strike (when viewed from the hanging wall side) (Figure 2 ).
For microseismicity induced by hydraulic fracturing, an inversion approach is used to find a moment tensor corresponding to each recorded event. In this technique, a best-fit solution is sought by minimizing a residual function, usually a least-squares function, for all wave patterns recorded for a given event by different receivers. Details of moment tensor inversion techniques can be found in Jost and Herrmann (1989) and Dahm and Kruger (2014) .
Stress Calculation
The stress calculation method includes two main steps, i) determination of horizontal stress direction, and ii) calculation of maximum horizontal stress magnitude.
Horizontal Stress Direction
Consistent with the common practice in the industry, the vertical stress is assumed as a principal stress, implying that the other two principal stresses are horizontal. Considering the high depth of unconventional reservoirs and as a result of the high magnitude of overburden pressure, this assumption holds true in most cases, unless a major structural feature, such as a fold or a fault, changes the state of stress locally.
Assuming the vertical stress is a principal stress, the direction of horizontal stresses can be determined from nonvertical fractures showing a pure dip-slip focal mechanism. The strike of such fractures is parallel to one of the horizontal stresses. This criterion is based on the fact that a compressive stress oriented parallel to a plane does not have any shear projection on that plane. Therefore, if a non-vertical fracture runs parallel to direction, the resulting shear force will be solely the projection of and and will be perpendicular to on the plane, resulting in a pure dip-slip mechanism. This is true of any fracture that is parallel to direction as well [Figure 3 (a) and (b)]. Using this criterion, the direction of horizontal stresses is first determined before proceeding to the calculation of magnitude. If no fracture meets this criterion, or very few do with scattered strikes, the direction must be determined by other methods.
Figure 3: Fracture planes with dip or strike parallel to one of the principal stresses. These fractures cannot be used for stress calculations because their rake vector (R) is no longer a function of relative stress magnitudes. The non-vertical fractures with their strike parallel to one of the horizontal stresses [(a) and (b)] show a pure dip-slip mechanism and can be used to determine the direction of horizontal stresses.
Maximum Horizontal Stress Magnitude
In this method, each focal mechanism is considered as an independent stress measurement experiment. A closed form solution is used to calculate the magnitude of maximum horizontal stress for each qualified focal mechanism. The field magnitude is then determined by interpreting all calculated magnitudes.
The state of stress in a formation is represented mathematically by a second-order stress tensor with six independent components, shown by a symmetric matrix as follows:
For a given stress state, the components of stress tensor depend on the chosen reference coordinate system (tensor quantity). In the principal stresses coordinate system (i.e., the orthogonal coordinate system formed by eigenvectors of stress tensor) the off-diagonal components of the stress tensor are zero, and the stress tensor has the following form:
where , , are the three principal stress magnitudes corresponding to the three principal stress directions. Assuming the vertical stress ( ) and maximum and minimum horizontal stresses ( and ) are principal stresses, the stress tensor in unconventional reservoirs can be written as follows:
defined in the right-handed coordinate system formed by , , and directions, respectively. Considering the variation of stresses in a layer with depth, the stress magnitudes in matrix 4 are usually reported by stress gradients with the unit of psi/ft or MPa/m. The stress gradient is considered to be constant through the depth interval corresponding to a layer. We normalize the stress tensor by and rewrite it in the following form:
where ⁄ and ⁄ are unitless normalized maximum and minimum horizontal stresses, respectively. Formatting the stress tensor in this way has two main advantages; i) it eliminates the vertical stress component ( ) from the future equations, leaving and as the only variables, and ii) it addresses the vertical scatter of microseismic events within a given layer.
Knowing the orientation of fracture planes from the fault plane solution, the shear stress acting on each fracture plane is calculated as a function of and . The governing equation for stress calculation is then formed by setting the external product of unit rake vector ( ) and unit shear stress vector ( ) to zero, as follows: (6) By developing Equation 6 around and , a linear relationship is obtained that relates to for each fracture as follows: (7) where and are two constants whose values are functions of the fracture plane orientation and rake, obtained from the fault plane solution. The details of deriving Equation 7 from Equation 6 can be found in Agharazi (2016 . In practice, however, this is never the case, mainly because of the stimulation-induced stress changes and noisy microseismic data. The propagation and dilation of a hydraulic fracture results in the deformation of surrounding rock and changes in stresses within the treatment area. Figure 4 shows the stresses around a conceptual propped-open vertical fracture determined by a numerical model . Based on this model, at least three stress zones can be identified around an ideal case of a planar bi-wing fracture; i) Stress-shadow zone (Zone 1) with increased stress magnitude perpendicular to the hydraulic fracture plane, ii) Shear zone at the leading edge of the hydraulic fracture (Zone 2) with modified stress direction and magnitude, and iii) Undisturbed stress zone (Zone 3) representing initial field stresses. In a real case, however, the stimulation pattern is more complicated due to interaction of the propagating fracture with pre-existing natural fractures, resulting in more variations in the stress field. The microseismic events acquired during a hydraulic fracturing treatment belong to both disturbed and undisturbed stress zones. However, the following parameters apply:
1. The stress changes in the treatment area occur due to deformation of rock under the net pressure applied during treatment (net pressure is equal to fluid pressure minus formation minimum stress). In most cases, the maximum applied net pressure is less than 10% of and rapidly drops as the distance from the injection point (perforations) increases, due to high frictional pressure losses. Hence, it can be assumed that the magnitude of stress changes is not significant compared to the magnitude of field stresses, and it merely affects a relatively small area at the vicinity of the injection point, suggesting that most microseismic events represent the undisturbed stress state.
Comparison of microseismic event timing with pumping time indicates that a relatively higher number of events
occur after pumping for a while, suggesting that most acquired events are pressure-induced (wet events) rather than stress-induced (usually dry events). In other words, most microseismic events are associated with an increase in fluid pressure rather than changes in field stresses. Therefore, it can be argued that most microseismic events represent rock failure under an undisturbed state of stress.
The calculated for all events can be plotted on a histogram, as shown in Figure 5 for a Marcellus well. In this case, most values fall in the <1 range, which is consistent with our knowledge of the normal faulting field stress regime in that region. As a result, all values greater than 1 must be excluded. The estimation of field from the remaining events is a matter of engineering judgment and interpretation. By default, we use the least-squares method to establish an instance of Equation 7 that best fits the known field and the valid values. In this methodology, the model parameter that we are searching for is just , knowing that in Equation 7.
Considerations
There are two important factors that affect the accuracy of the stress calculations described above and need to be addressed properly: -Noisy microseismic data -Inherent ambiguity in fault plane solution As mentioned earlier, the inversion technique is used to find a moment tensor that best matches the observed radiation patterns of seismic amplitude at different locations for each event. Due to the noise in the acquired microseismic data, the obtained moment tensor is not an exact solution but is a best-fit solution with an inherent level of uncertainty. A major factor affecting the accuracy of the solution is the strength of seismic signal relative to the noise level, which is quantified and represented by the signal-to-noise ratio (SNR). The higher the SNR, the higher the event quality, and the lower the uncertainty in the moment tensor solution.
The uncertainty in the moment tensor inversion is taken into account mathematically when calculating the fault plane solution. It is represented in the form of a standard error for the calculated fracture orientation and slip direction for each event. From a stress calculation perspective, the uncertainty in the moment tensor solution potentially poses two main problems: -For near-vertical fractures, slight deviations of the estimated dip of the fracture on either side of vertical can produce an artificially reversed rake vector for some events, meaning that the calculated slip direction is 180° off from the real slip direction (polarity in rake vector).
-For fractures with a near pure dip-slip focal mechanism (fractures with rake angle close to ±90°), slight deviations of the estimated rake angle on either side of ±90° can artificially reverse the horizontal projection of slip for some events.
The inherent ambiguity in the fault plane solution refers to the fact that the solution provides two possible fracture planes for each seismic event, a real plane and an auxiliary plane that are orthogonal to one another (Figure 1 ). The auxiliary plane has no physical value and is merely the byproduct of the solution. The moment tensor itself does not provide any further information that can be used to distinguish the real plane.
From a stress calculation perspective, fractures with either of the above issues (i.e., flipped dip or rake and auxiliary plane) are not compatible with the true field stress directions. They artificially follow an incorrect stress configuration whose axes are rotated by 90° around one or two of the true stress directions. These "incompatible" events generate a significant error in the calculated stress magnitude and must be identified and addressed properly before proceeding to stress calculation. We address these issues by:
1. Using a minimum SNR threshold to filter out low quality events 2. Running a pre-processing step to identify and tag incompatible events The pre-processing step includes i) finding the direction of horizontal stresses and establishing the reference coordinate system of principal stresses, and ii) forming Equation 7 in the reference coordinate system for each event.
An important characteristics of the and coefficients in Equation 7 is that they follow a sign convention consistent with the stress regime that governs the slip on the fracture plane, as shown in Table 1 . Table 1 can be consulted to examine each event and tag those that are not compatible with the known field stress directions. For example, if the measured in a formation is smaller than (i.e., ), the field stress regime is either normal faulting or strike-slip. Therefore, any fracture with is considered incompatible with field stresses and will be tagged accordingly. It also should be noted that the potential polarity issue in rake vector (artificially reversed rake vector) has no influence on the calculated stress magnitudes. This is because the chosen governing equation remains valid as long as rake and shear stress vectors are parallel, irrespective of their directions. These are two important advantages of this methodology for stress calculation based on microseismic focal mechanisms.
Our investigation of several cases in different formations indicates that even after filtering out the low quality events by using a minimum SNR threshold, the data set still contains a considerable percentage of incompatible events. This highlights an important problem in applying the stress inversion technique to estimate field stresses from microseismic focal mechanisms. A main assumption in the inversion technique, in general, is that the field observations (here rake vectors) all belong to the same population and can be predicted by a single model, provided that the model parameters are known. Therefore, the inversion technique is used to find the model parameters that best fit the field observations. However, as previously discussed, the focal mechanisms determined for a hydraulic fracturing stimulation do not all follow the same stress regime (or model), mainly due to the treatment-induced stress disturbances and noisy microseismic data. Applying the inversion technique to such data sets results in a nonrepresentative stress estimate, if a stable solution can ever be reached. 
Case Studies
In this section, we provide five case studies in three different formations; the Marcellus, Eagle Ford, and Wolfcamp. In all cases, the magnitude is calculated for the target layer (pay zone), using the microseismic events belonging to that layer. All microseismic data were acquired using surface arrays. Figure 6 shows the orientation of the fractures determined from the moment tensor solution for each studied case. These data, along with the rake vector for each event, form the basis for stress calculation.
 Marcellus
We studied three cases in the Marcellus, Case A, Case B, and Case C, at different locations. All cases were treated using slickwater and a plug-and-perf completion technique. For all cases, the vertical stress gradient was calculated from density logs. The gradient was either reported by the operator or was taken from the available reports and literature.
Case A includes three horizontal wells with an average lateral length of 6,000-7,000 ft. The average stage length was 170 ft. Each well was completed independently after the completion of the previous well. In total, 2,409 microseismic events were recorded in the Marcellus layer. A minimum signal-to-noise ratio of SNR≥8 was considered for the calculations. The direction was determined as N052° from 75 focal mechanisms. The magnitude was determined based on 1,832 qualified events. The results are shown in Figure 7 .
Case B represents the first five stages of one horizontal well. In total, 286 microseismic events were recorded. The minimum SNR threshold was set to SNR=10 for the stress analysis. The maximum horizontal stress direction was estimated at N057°, based on 22 focal mechanisms. The results of stress analysis are shown in Figure 7 .
Case C includes two horizontal wells completed using a zipper-frac technique, with average lateral length of approximately 7,000 ft and average spacing (between two wells) of 1,800 ft. In total, 1,002 microseismic events were recorded in the Marcellus layer, of which 624 events were used for stress calculation. The minimum SNR threshold was set to SNR=6. The direction of maximum horizontal stress was determined as N062° from 33 focal mechanisms. The stress analysis results are shown in Figure 7 .
 Eagle Ford
The studied case in the Eagle Ford formation includes four horizontal wells completed using a zipper-frac technique, with an average lateral length of 8,000 ft and average well spacing of 250 ft. All wells were completed using slickwater and plug-and-perf method. In total, 1,292 microseismic events were acquired in the lower and upper Eagle Ford layers. A signal-to-noise ratio threshold of SNR=9 was considered. The direction was estimated at N046°, based on 65 focal mechanisms. The vertical stress gradient was calculated from the density log of a nearby pilot well. Due to lack of project-specific data, the was estimated based on the reported values for other projects close the study region. Figure 7 shows the results of stress calculation.
 Wolfcamp
This case includes two horizontal wells completed using a zipper-frac technique, with a treated length of approximately 1,400 ft. In total, 426 events were acquired in the Wolfcamp layers. The SNR threshold was set to SNR=5. The direction was determined at N103°, based on three focal mechanisms and the general trend of microseismic events. The stress calculation results are shown in Figure 7 .
Figure 7: Stress calculation results for the studied cases. For each case, the determined orientation of horizontal stresses is shown on the left. The determined field stress regime and the linear relationship between normalized maximum and minimum horizontal stresses ( and ) are shown in the middle column, along with the stress magnitudes. In all cases, the vertical and S hmin magnitudes come from other sources, and the S Hmax magnitude was then calculated for the formation using the established relationship between and . The Mohr plots on the right show field stresses and the initial state of stress on fracture planes.
Pressure Analysis -Failure Pressure
In naturally fractured reservoirs, the efficiency of hydraulic fracturing treatment depends largely on the activation of natural fractures. This helps to enhance effective complexity in the reservoir and to improve the interconnected fluid network. The natural fractures slip by two means, i) interaction with the induced hydraulic fracture as it grows and crosses natural fractures, and ii) by the increase of fluid pressure.
The minimum fluid pressure required to initiate failure on natural fractures can be calculated if the field stress tensor, fracture orientations, and shear strength characteristics of the fracture planes are known. For fracture planes derived from a fault plane solution of microseismic events, this analysis can provide insight into the minimum induced pressure during the treatment. Considering that neither natural fracture orientations nor stress tensor changes dramatically from one well to another within the same pad or region, the results of such analysis can help to optimize the treatment parameters, such as fluid viscosity and pump time, for the next wells to be completed.
For calculation of the failure pressure, we use the Mohr-Coulomb shear failure criterion. Based on this criterion, a fracture undergoes shear failure if the shear stress acting on the fracture plane ( ) reaches or exceeds the shear strength available on the fracture, which is mathematically represented by the following equation:
where and are the cohesion and friction angle of fracture surface (constant and characteristics of rock), and is the effective normal stress acting on the fracture plane, which is equal to: (9) where is the total normal stress and is the fluid pressure. By substituting Equation 9 into Equation 8, the pressure at failure ( ) is determine as follows: (10) and are calculated from the stress tensor for each fracture. An underlying assumption in this method is that upon the increase of fluid pressure, the fracture undergoes shear failure before the increased pressure reaches normal stress and opens the fracture. Theoretically, this holds true in all cases except for when the fracture plane is oriented perpendicular to one of the principal stresses. The stress disturbances caused by stimulation are also ignored in this method. Figure 8 shows the failure potential (initial ratio of ) and failure pressure contours for one of the studied cases in the Marcellus (Case C). 
Conclusion
A new methodology was described for the estimation of field direction and magnitude from microseismic focal mechanisms. The described method was used to calculate field for five cases in three different formations. An example pressure analysis, based on the calculated field stresses and the microseismically determined fracture orientations was presented for one of the studied cases in the Marcellus.
